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PRELIMINARY INVESTIGATION OF A NEW TYPE OF SUPERSONIC INLET : 


By ANTONIO FERRI and Louis M. Nucci 


SUMMARY 


і supersonic inlet with supersonic deceleration of the flow 
entirely outside of the inlet is considered. A particular arrange- 
ment unth fixed geometry having a central body with a circular 
annular intake 1s analyzed, and it is shown theoretically that 
this arrangement gives high pressure recovery for a large range 
of Mach number and mass flow and therefore is practical for 
use on supersonic airplanes and missiles. For some Mach 
numbers the drag coefficient for this type of inlet is larger than 
the drag coefficient for the type of inlet with supersonic com- 
pression entirely inside, but the pressure recovery is larger for 
all flight conditions. The differences in drag can be eliminated 
for the design Mach number. 

Experimental results confirm the results of the theoretical 
analysis and show that pressure recoveries of 95 percent for 
Mach numbers of 1.88 and 1.52, 92 percent for a Mach number 
of 1.72, and 86 percent for a Mach number of 2.10 are possible 
wtih the configurations considered. If the mass flow decreases, 
the total drag coefficient increases gradually and the pressure 
recovery does not change appreciably. The results of this work 
were first presented in a classified document issued in 1946. 


INTRODUCTION 


The deceleration of air from supersonic to subsonic Mach 
numbers is an important problem that is encountered in the 
design of supersonic ram jets and turbojets. The possibility 
of the practical use of the ram-jet or turbojet systems for 
airplanes depends to a large extent on the high pressure 
recovery of the air inlet. 

An inlet designed so that all the supersonic part of the 
compression was internal was analyzed in reference 1, which 
showed that high pressure recovery is possible if the Mach 
number: corresponds to the design Mach number and the 
mass flow corresponds to the design mass fow. Reference 1 
also showed that the pressure recovery decreases notably 
and abruptly if the Mach number and the mass fow which 
must go into the inlet decrease from the values fixed for 
the design conditions. The external drag which can be 
very small for the design conditions (fig. 1 (a)) changes 
suddenly, also, and becomes very large when the Mach 
number or the mass flow decreases from the values fixed for 
the design conditions because in this ease a strong shock 
occurs in front of the inlet (fig. 1 (b)). The pressure recovery 
also decreases rapidly if the Mach number is increased in 
comparison with the design Mach number. 


The limitation of the starting conditions fixes the maxi- 
mum possible contraction ratio of the diffuser that permits 
the normal shock to enter. А strong shock inevitably occurs — 
mside the diffuser in the divergent part and limits the maxi- 
mum obtainable pressure recovery. The subsonic losses 
are also large because the strong shock tends to produce 
separation. 
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(а) Mass flow corresponding to design condition, 
(b) Mass flow Iower than value for design condition. 


FIGURE 1.—Schematie diagram of aerodynamic phenomens for an inlet with all internal 
compression with different mass-flow conditions for M12 1.7. 


i Supersedes NACA TN 2256, “Preliminary Investigation of a New Type of Supersonic Inlet" by Antonio Ferri and Louis М. Nucci, 1951. 
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When the free-stream Mach number is lower than the - 


design Mach number and the free-stream Mach number is 
attained by decreasing speed from a Mach number higher 
than the design Mach number, two equilibrium conditions 
are possible and it is possible to pass from one condition to 
the other with ap abrupt “jump” of flow characteristics. 
The reason for this jump, which can be dangerous for a 
supersonic airplane, is as follows: If the Mach number is 
higher than the design Mach number and the strong shock 
is inside the inlet, when the free-stream Mach number 
decreases, the limitation of the starting conditions no longer 
exists because the strong shock has passed the minimum 
section and therefore the contraction ratio can be smaller 
than the fixed value for starting; the converging part of the 
diffuser remains supersonic even though the Mach number 
is lower than the design Mach number. This condition is 
only partly stable, however, and it 1s possible to pass abruptly 
from this condition to the stable condition having a normal 
shock in front. When the internal shock 1s near the mini- 
mum section, if the back pressure 1s increased slightly, the 
internal shock jumps outside the inlet and remains in this 
` position because the size of the throat is too small to permit 
the shock to go inside again. The passage from one equilib- 
rum condition to the other produces abrupt changes in 
the values of mass flow, drag, and pressure recovery, varia- 
tions which increase if the difference between the fhght Mach 
number and the starting Mach number increases. 

These phenomena are characteristic of the diffuser having 
fixed geometry and internal supersonic compression. It 18 
therefore natural to think that better results can be obtained 
with either variable-geometry diffusers or diffusers with 
external supersonic compression. Some work in this direc- 
tion was started at Göttingen and was presented by 
Oswatitsch and Böhm (references 2 and 3). Before the 
Oswatitsch work was known in the United States, independ- 
ent work in this field was begun by the. National Advisory 
Committee for Aeronautics using different criteria. Some 
results of this work are summarized in the present report, 
which was originally issued as a classified document in 1946. 

The problem that Oswatitsch had in mind was the design 
of an air inlet for missiles that must operate only at high 
Mach numbers and therefore must have high pressure 
recovery and low drag in this Mach number range. He 
therefore chose a compromise between external and internal 
compression for his inlet. In his design the disadvantages 
of the type of inlet with all internal compression were re- 
duced but not eliminated. For his problem, however, these 
disadvantages did not produce any inconveniences. In the 
NACA work, the problem was the design of an mlet for a 
supersonie airplane, which requires & large operating range 
of Mach number and continuity of flow phenomena. The 
range of Mach number was lower than the range considered 
by Oswatitsch. An inlet which had all external supersonic 
compression for the eondition of ора pressure recovery 
was therefore chosen. 

As will be shown in the analysis of this type of inlet, the use 
of all external supersonic compression gives the following 
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advantages and disadvantages in comparison with the pre- 
ceding types of inlet: 

(a) The inlet with constant geometry can operate with high 
pressure recovery for a large Mach number range. | 

(b) The inlet does not present discontinuities of pressure 
recovery for large variations of mass flow. If the mass flow 
is decreased, the drag increases more gradually and is less 
than that for the other known types of inlet and the pressure 
recovery remains high. 

(c) The inlet does not have two stable conditions of equi- 
librium for some range of Mach number. 

(d) The inlet is not sensitive to small variations of angle 
of attack... 

(e) The external drag, in general, is larger because a 
stronger shock must be produced outside. ln a supersonic 
airplane, however, it is possible to use the external compres- 
sion produced by some parts of the airplane independently of 
the type of inlet ehosen or, in other words, it is possible to 
locate the inlet in a zone in which the flow is decelerated by 
the presence of some part of the airplane. In this ease the 
increase in drag due to the external compression of the inlet 
can be reduced. 


SYMBOLS 


t longitudinal coordinate ші cone 

R X radius of cone 

zı longitudinal coordinate of cowling 

№,  mternal radius of cowling 

Ез, external radius of cowling 

М | Mach number 

D pressure 

6, angle of cone of central body 

0, | angle of conical shock 

06, | cowling-position parameter, angle between axis of inlet 
and straight line that conneets vertex of cone with lip 

| of cowling (sce fig. 2) 

Cp, external pressure-drag coefficient 

Cp, additive-drag coefficient 


Ф direction of streamline 
Subscripts: 

0 initial stagnation conditions 
1 fr&ecstrenmi conditions 


2,3 stations 
y final conditions (stagnation conditions after decelera- 
tion into inlet) 


THEORETICAL ANALYSIS 


Aerodynamic design of inlet.— Àn annular circular inlet 
having & central body was considered for the theoretical 
analysis. This arrangement was chosen because it could be 
practically used in front of the fuselage of supersonic airplanes 
or missiles and because a complete theoretical analysis of the 
supersonic part of the flow was possible for a circular inlet. 
For this arrangement an evaluation of the pressure recovery 
that can be obtained in the supersonic part of the compression 
and of the external drag of the inlet is possible, and hence a 
comparison with the other types of inlet ean be made. 


PRELIMINARY INVESTIGATION OF A NEW TYPE OF SUPERSONIC INLET 


The frontal type of inlet permits the avoiding or reducing 
of the interference between shock and boundary layer which 
usually produces separation, interference which can exist 
when the inlet is not of the frontal type. Because the aero- 
dynamic principle of this inlet does not necessarily involve 
the use of a circular body, it must be possible to apply the 
same principle and obtain similar results with an inlet placed 
on a noncireular fuselage. The practical design becomes 
much more complicated, however, because the phenomena 
cannot be analyzed theoretically at present. 

The geometrical arrangement analyzed is shown in figure 
2. A central body placed in front of the inlet produces a 
deceleration of the flow so that the flow at the inlet has a 
low supersonic or high subsonic speed. The diffuser has a 
divergent section and therefore the deceleration from super- 
sonic Mach number to subsonic Mach number must occur 
with a strong shock. When the pressure at the end of the 
diffuser corresponds to the optimum condition, the strong 
shock is at the lip of the inlet. 

The diffusion losses ean be divided into two parts—the 
losses for decelerating the flow from supersonic to subsonic 
Mach numbers and the subsonic losses. The supersonic 
losses depend principally on the losses across the shock waves 
whereas the subsonic losses depend on friction and separation. 
For flight Maeh numbers of the order of 1.3 to 2.0 the kinetic 
energy of the flow at subsonic Mach numbers is an important 
part of the total kinetic energy of the flow and therefore the 
subsonie diffuser must be considered in the analysis. 

The losses in the supersonic part of the compression depend 
on the losses across the conical shock and the losses across the 
strong shock. The conical compression is very efficient 
because part of the compression behind the conical shock 
occurs іѕећігорісаНу and because the compression occurs 
before the boundary layer is formed on the central body; 
thus the inerease of pressure does not affect the boundary- 
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FIGi*RE 2.— Arrangement of the inlet considered. 


1031 


layer thickness. The shock at the entrance is less efficient 


because it is a strong shock and tends to produce separation 


of the boundary layer; thus the subsonic efficiency is 


decreased. For this reason the conical compression consid- 0 
ered is always а large part of the supersonic compression; 


therefore, large cone angles are considered. 


Theoretically it is possible to obtain compression in front 
of the inlet more gradually and thus to reduce or eliminate. 


the losses of the conical compression. In this ease, however; 
the boundary layer at the surface of the central body under- 


goes я strong unfavorable pressure gradient, and the central | 


body must be much longer to avoid large external drag and 
to have the envelope of the compression waves near the lip 
of the cowling. This condition is necessary to avoid high 
drag, as will be explained later. The phenomena in the 


boundary layer corresponding to the strong shock, for the - 
preceding reasons, become more critical and the subsonic | 


efficiency can decrease notably. With a body designed for 
gradual compression, it also becomes difficult to avoid 
detached shocks at Mach numbers lower than the design 
Mach number. For this reason large increases of pressure 
recovery cannot be expected in the Mach number range con- 


sidered by using gradual frontal compression and low-drag | 


design. Thus, this type of compression is not considered in 
this preliminary investigation. 

Additive drag.—In order to define the geometry of the 
inlet, the cone angle and the shape and location of the cowling 
with respect to the central body must be fixed. For practica! 
calculation of the net thrust of a ram-jet or turbojet vehicle, 
the thrust given by the enginé and the drag due to the engine 
must be determined; therefore, for efficient operation, the 


geometry of the inlet must be fixed in such a way as to obtain _ 


high pressure recovery and low external drag. For the type 


of inlet considered, the central-body cone angle is the most 0/2 


important parameter affecting the pressure recovery, whereas 
the value of the drag is strongly affected by the shape and 
position of the cowling with respect to the central body. 

In order to describe consistently the properties of super- 
sonic inlets with external compression only by means of 
pressure recovery and external-drag coefficient, a careful 
analysis of what must be called “external drag" is required 
and another drag force must be added to the pressure and 
viscous drags of the external part of the cowling which, in 
the original classified version of this report issued in 1946, 
was called ‘additive drag." The definition of this drag and 
the reason for its inclusion can be obtained from the following 
considerations. 

The thrust due to the engine can be determined by means 
of the impulse-momentum law applied to the stream tube 
(fig. 3 (a)) entering the inlet between station 1 in the free 
stream and station 4 at the exit of the inlet. With this 
definition of thrust, the only value required in order to take 
inte account the properties of the inlet is the value of the 
pressure recovery defined as the ratio of the total pressure 


at the end of the inlet (station 3) to the free-stream total . 


pressure (station 1). 
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If the thrust is defined differently, as for example, by the 
impulse-momentum law between the entrance (station 2) 
and the exit (station 4), the value of the pressure recovery 


required in order to determine such а value of the thrust 


would be the pressure recovery between stations 2 and 3. 
For inlets operating in subsonic flow, the pressure recovery 
between stations 1 and 3 is the same as between stations 2 
and 3; whereas for inlets having external compression operat- 
ing in supersonie flow, the pressure recovery between stations 
1 and 3 is different from the pressure recovery between 
stations 2 and 3. Therefore, for supersonic inlets the value 
of the pressure recovery between stations 2 and 3 would not 
correctly define the inlet characteristics. 

Actually, in subsonic flow, the external compression in 
front of the inlet is isentropic and the pressure recovery 
between stations 1 and 3, or between stations 2 and 3, is 
therefore the same. In supersonic flow, however, the two 
values are different because the compression between stations 
1 and 2 occurs with shock waves. | 

For the supersonic case, because the pressure recovery is 
usually given by the pressure ratio between stations 1 and 3, 
which is the only value that correctly describes the properties 
of the inlet, the definition of external drag consistent with 


the value of the pressure recovery must be that the drag is. 


the resultant of the pressure along the surface ABC. "The 
surface BC is a physical surface along which the pressure 
ean be measured and the resultant of these pressure forces 
is & force that is called the pressure drag; the part AD, 
however, is a streamline which represents a fictitious surface 
along which the pressure. must also be determined. For 
subsonic flow, the pressure drag along ABCD is zero and all 
the losses are viscous losses that can be determined by a 
momentum measured at C; whereas, in supersonic flow, the 
pressure along AB and along BC are finite because an increase 
in entropy occurs across shock waves so that the part of the 
drag along AB must also be considered. This point may be 
clarified by the following consideration. Consider the 
streamline ABC (fig. 3 (b)) which divides the entering inlet 
flow from the external flow where B is the entrance of the 
inlet. In supersonic flow, the compression from A to B 
(fig. 3 (b)) produces a shock wave in the external flow which 
produces an increase of entropy also in the external flow. 
Therefore, when the momentum equation is applied to the 
external flow between sections Ао and Co, a force is found 
whieh represents the resultant of the pressure along the 
stream tube denoted by AB and BC and is a function of the 
entropy increase across the shock waves existing in the flow 
between Ao and Со, 

The existence of the additive drag can be visualized if the 
cowling 1s considered to be extended along stream tube AD. 
In this ease the flow inside and outside the inlet does not 
change and is similar to the flow for an inlet with internal 


compression, but the pressure along AB gives a force that. 


corresponds to additive drag. This drag is a function of the 
difference in diameter between AA and BB and becomes zero 
when the lip is at points A. In this case the condition of the 
inlet is analogous to that of the inlet with internal compres- 
sion and this drag disappears. 
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The additive drag as a force is found in this case (fig. 2) as 
the resultant of the pressure forces on the central body. Part 
of the central-body drag is included in the consideration of 
pressure recovery and is given by the difference of the force 
acting along at the surface OD and from the pressure along 
the surface AB; whereas the force along the surface AB is not 
included in the value of the pressure recovery. 

Additive drag exists in any case in which supersonic 
external compression which produces shock waves in the 
external flow occurs. For example, as in the case shown in 
figure 4, the drag due to the increase in entropy aeross the 
strong shock corresponds to the resultant of the pressure 
force along the stream tube AB and is found as the resultant 
of the pressure force acting on the body placed inside the 
channel. | 

In order to eliminate the additive drag, tho size and posi- 
tion of the central body of the inlet must be such that the 
shock wave OÀ (fig. 2) 1s tangent to the cowling at the 
point B. For this case the additive drag is zero. 








ба) Subsonie free-stream Mach number, 


(b) Supersonic free-stream Mach number. 


FIGURE 3.—Bcheimatíe representation of flow around inlets. 
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FIGURE 4.—Schematie representation of drag corresponding to Increase in entropy. 
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For a given central-body cone angle the lip of the cowling 
can have many positions with respect to the cowling that 
сап be defined by the angle 0, which is the angle formed by a 
line from the vertex of the cone to the lip of the cowling and 
the cone axis. Thus, in order to decrease the additive drag 
the value of the angle 8; considered for the inlet must be very 
near to the value of the angle of the conical shock 6, at the 
maximum Mach number considered. 

The external direction of the cowling at the lip must be 
ehosen in such a way as to &void other external shocks which 
would increase the external drag. Therefore, the external 
direction should be as nearly parallel as possible to the free- 
stream direction for the condition of supersonic flow at the 
leading edge. Because of the low inlet entering Mach num- 
ber, this condition requires that the external direction of the 
lip of the cowling be very close to the direction of the incom- 
mg streamline. The internal part of the cowling must be 
designed in such а way as to avoid a detached shock at the 
lip for the Mach number range considered because a detached 
shock also extends outside of the cowling; therefore, the 
direction must be approximately tangent to the streamline 
and the lip of the cowling must be sharp with a minimum 
possible angle at the edge of the lip. 

Flow conditions &t different Mach numbers and for 
different mass-fiow conditions.—If the diffuser is designed 
for the maximum operating Mach number, when the Mach 
number is reduced the conical shock angle increases and the 
shock at the lip becomes less intense. Because the length 
of the streamline between the shock and the lip increases, the 
additive-drag coefficient increases. The additive internal 
drag and the maximum pressure recovery that can be 
obtained for а fixed-geometry inlet and therefore for given 
values of 6. and 8; can be determined analytically on the basis 
of eone theory (references 4 and 5). Some results of the 
calculations are shown in figures 5 to 7. In figure 5 the 
additive-drag coefficient is calculated for two values of 6, and 
for different Mach numbers as & function of 0; based on both 
the cowling entrance area and the free-siream tube area. In 
fizure 6 the values of the angle of the shock as & function of 
the stream Mach number for different cones is shown. _ 

As is shown in figure 5, the additive-drag coefficient in- 
creases if the Mach number decreases from the value of the 
Mach number corresponding to the design conditions, if the 
cone angle increases, and if the value of 6; decreases. 

The theoretical maximum pressure recovery that can be 
obtained is shown in figure 7. The values are determined 
op the assumption that no friction or separation losses exist. 
For comparison, analogous values determined in reference 1 
for an inlet with internal compression are shown. The pres- 
sure recovery decreases if the cone angle decreases and 
decreases slightly if the value of 0; increases (other conditions 
remaining the same) because the Mach number at the lip 
of the cowling (points B of fig. 2) increases and therefore 
the average Mach number at the intake increases. The 
variation of the supersonic pressure recovery is gradual and 
for all Mach numbers is higher than the corresponding values 
for the inlet with interna] compression. For Mach numbers 
of the order of 2, the differences can be of the order of 15 
percent. 


If the subsonic’ losses are considered, the value of the — 


pressure recovery must decrease notably. The differences 
must be larger for higher Mach numbers and for smaller 
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cone angles, because the Mach number at the surface of the 





cone increases if the free-stream Mach number increases апа | 


stronger and the separation сап be more severe. In figure S 
the Mach number on the cone surface is given for different . 


if 0, decreases; thus the shock at the entrance p -- 


cone angles as a function of the free-stream Mach number, 


It can be expected that the subsonic losses for the inlet with 


the central body will be of the same order as the losses for- 


the inlet with internal compression. For the inlet with the 


central body the wetted surfaces are larger and the subsonic _ 
compression is much stronger (beginning with higher Mach | 


numbers) but the shock and the corresponding pressure - 
gradient at the beginning of the subsonic diffuser are much 





weaker; therefore, differences of the same order as the theo- 
retical velues can be expected practically. 


As the Mach number changes, the direction of the stream- | 
line at the lip of the cowling remains practically constant - 


and therefore no important shocks or expansions occur at 
the lip when the Mach number changes. 
the direction of the streamline о as a function of 0; for 
different Mach numbers and cone angles ĝe. 

When the flight Mach number decreases, the maximum 
diameter of the free-stream tube which can go into the inlet 
decreases and the amount of the variation of the diameter | 
increases when the cone angle increases. In the type of. 
inlet with internal supersonic compression the diameter re- 
mains constant when the Mach number increases in com- 
parison with the starting Mach number and decreases if 
the Mach number decresses in comparison with this value. 


In figure 10 the maximum diameter of the free-stream tube | 


corresponding to the internal flow is given as & function of 
the free-stream Mach number and the cone angle. 
values for the inlet with internal compression are also shown. 


Figure 9 shows. 


— 


cA 


The. __ 


The maximum mass flow which enters the inlet witha  — 
central body for a given Mach number and altitude cannot 
be increased without changing the geometry of the inlet, but 





it can be decreased with less increase of drag than for an 
inlet with internal compression and without any change of 
pressure recovery. The variation of the mass flow for the 
inlet with external compression is similar to that of the inlet 
with internal compression at lower Mach numbers. Н the 


pressure at the end of the diffuser is increased, the normal . 
shock is pushed outside the inlet and the dimensions of the . 


free-stream tube which enters the inlet decrease. 


(See fg. | 


11. When the strong shock moves outside, the pressure | 


recovery does not change appreciably because the variation. 
of Mach number in front of the shock and therefore the 
соо of the intensity of the shock is very small. The Е | 
strong shock also extends outside, but the intensity is small 


and therefore the variation of external drag is small and of 


different order than for the type of inlet with internal com- | | 


pression. If the variation of mass flows occurs at low Mach 
numbers and the flow at the entrance is subsonic, the varia- 


tion of the mass flow must cause the shape of the conical. 
shock to change, and the curvature therefore gradually р 


increases, 


Additive-drag coefficient, Ср, 


Additive- drag coefficient, Co, 


L 
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Based on cowling entronce area 
--------- Based on entering free-stream tube area 


Cowling - position parameter, 8;, deg 


----- Based on cowling entronce area 
—————— —— Based on entering free-stream tube area 


[DK 
M 
x 


46 48 50 52 54 
Cowling-position parameter, 0;, deg 


i FIGure §.—Additlve-irag coefficient' as a function of cowling-position parameter. 
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TRE 6.—Angle of conical shock as a function of the free-stream 
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FIGURE 7.— Theoretical supersonic pressure recovery as а function of the free-stream Mach number, (Curves for Inlet with Internal compression from reference 1.) 
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FIGURE 8.—À5M ach number along surface of the cone as a function of the free-stream Mach number. 
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the deviation of the stream produced by the cone increases 
and must decrease on the opposite side; therefore, the pres- - 
sure recovery must not change although the external drag 


The pressure drag.—In order to have a complete analysis 
of the problem, an estimate of the pressure drag of the 
inlet with external compression must be made. Because е 
shock produced by the cone is strong, the increase of pressure 
on the external lip of the cowling is large and therefore gives 
the impression that the pressure drag must also be very 
large. In order to make a comparison and to obtain some 
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FiGCRE 11.—Schematic diagram of the flow when the mass flow into the inlet fs reduced. 


If the angle of attack of the inlet is changed slightly, the 
pressure recovery and the external drag cannot change 
appreciably because the conical-flow phenomena are not 
very sensitive to small variations of angle of attack. The 
intensity of the shock must increase on the side in which 


criteria for designing the external part of the inlet, the 
pressure distribution was determined for different external 
lip shapes for values of 0; of 42? and 46? at a Mach number 
of 1.65 for a 30? cone. The calculations were made by use 
of the characteristics system described in reference 6. 
Because it. was necessary to know the length and the 
maximum diameter of the inlet to determine its external | 
shape, & possible design was made by use of the following 
data. The Mach number at the maximum section was 
fixed at 0.24; therefore, the ratio of the maximum diameter 
to the diameter of the free-stream tube was equal to approxi- 
mately 1.5 for a Mach number of 1.65. The length of the 
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cowling was determined on the basis of the internal diffusion 
and was fixed at a value of the order of 3 diameters. For 
comparison an inlet with internal compression and with the 
same design conditions was analyzed. For every angle 6, 
two external shapes were designed. (See Bg. 12) All 
external shapes for the inlet with external compression have 
the same direction as the streamline at the lip of the cowling, 
but the first cowling changes direction gradually near the 
lip and then changes direction rapidly and becomes tangent 
to the cylinder whereas the second has a strong variation 
of direction (corresponding to the maximum possible prac- 
tically) near the lip which continues more gradually until 
the cowling becomes tangent to the cylinder at a distance of 
approximately 1.5 inlet diameters. 

The two designs were fixed on the basis of the following 
aerodynamic criteria. The streamline reached the lip of the 
cowling with high pressure and low velocity and made an 
angle with the free-stream velocity. If it were possible to 
produee a deviation of expansion at the lip equal to the 
difference in direction between the free-stream direction 
and the direction of the flow at the lip, the pressure would 
decrease abruptly and become less than free-stream pressure 
because the expansion would occur locally with the two- 
dimensional law. In this case the pressure along the cowling 
would later increase again but the value would remain low 
and therefore the pressure drag of the body would be very 
low. Accordingly the first external shape was designed with 
the idea of producing the maximum possible practical 
expansion of the flow in such a way as to reduce the pressure 
to a low value on the external part of the cowling. The 
second shape was designed to have less expansion near the 
lip and larger expansion farther back and the pressure was 
calculated in order to determine the difference in drag in the 
importance of producing a large expansion near the lip. 
The ordinates for the four cowling shapes considered are 
given in table I. го | Ў 


Shope 2-----... 





inlet with internal compression 
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FinvRE 12.—The external shapes of the inleta with externa) compression and the inlet with 
internal compression used to determine the pressure drag. 
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TABLE L—EXTERNAL COWLING COORDINATES 
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біле 429 amig | 


Shape 1 


Bhape 2 
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0 1000 | O0 L 00 0 1.00 1.000 
. 05 1. 013 08 1. 020 . 05 L 015 . 05 1. 015 

.10 1. 025 .10 1.027 .10 1. 032 .10 1. 032 
. 15 1. 035 .15 1.058 . 15 1, 047 „16 1.047 
.20 1.045 .20 1.070 .20 1.063 . 20 1. 063 
. 25 1. 053 .25| . 1.088 . 30 L 087 . $0 1. 090 
. 30 L 061 .30 1.100 . 10 L 104 . 40 1.115 

.40 1.076 . 40 1, 125 . 50 1. 122 .9 1.136 
. 50 1.092 . 50 1.148 . 80 1, 138 . 9 1.155 

.60 1.104 | · .60 1.170 . 70 1. 150 .70 1.173 
.70 117 270 1.190 .80 1.162 „80 1. 189 

.80 1. 130 .80 1. 207 . 90 1.174 .90 1, 206 

. 90 1. 143 . 90 1. 224 1.00 L 198 1.00 L 221 

1.00 1.157 | 1.00 1.249 | 110 1. 198 1.10 L 235 
L 10 1. 169 1. 10 1.259 1.20 1. 207 1.20 1.248 
1.20 1.182 1. 20 L 973 1. 30 1.216 1.30 1. 250 
1.20 1. 198 1.30 1.282 | 1.40 1, 228 1. 40 1.271 
1.40 1.205 | 1.40 1, 288 1. 50 L 238 1, 80 1,952 
1.50 1.215 1.50 1.203 1. 60 L 250 1.60 1. 292 
1.60 1.277 1.60 І. 298 1. 70 1. 200 1.70 1.302 
1.10 1. 238 6.00 1.298 1.80 1.272 1.80 1.319 
1.80 1. 248 1.90 1. 282 1.90 1. 321 
1.90 1. 258 2.00 1. 993 2. 00 1. 330 
2. 00 1. 287 2.10 1304 | 210 1.333 
2.10 L 274 8% 1815 | 22 1.347 
2% 1.282 2 30 1.320 | 230 L 355 
2. 30 1. 298 2. 40 1. 338 2. 40 1.362 
2. 40 1. 208 2 0 1. 348 2. 50 1.370 
2.50 1. 295 3. 80 1.357 2. 60 1.377 
2. 60 L 208 3. 70 1.363 2. 70 1.382 
8. 00 1. 208 2.80 L 368 $. 80 1,385 
i 9. 90 1. 273 2. 60 1. 386 

3. 00 1.377 | 2.0 1.388 

3. 10 1.380 | 3.10 1. 398 

8. 20 І. 382 8.20 1. 288 

8. 30 1.385 | 3.20 1. 355 

3. 40 1.387 3. 40 1,288 

801% 1390 5.50 1.289 

8. 00 1.390 | 2.60 1.20 

ae -8. 00 .1.390 . 












The results of the calculations are summarized in the 
following table in which some values for & Mach number of 
2.00 are also indicated: 

Inlet with external compression 


8,7307, M wm 1,05 


- PN -. а € — = tr 
. 


0em 30°, Mæ 


1 0. 0562 0. 0404 


Inlet with Internal com lon 
(having 4° inclination) 





The data for Mach number 2.00 have been obtained with 
less accuracy than the values for Mach number 1.65 but the 
results have sufficient accuracy for the analysis. The 
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external drag coefficients are referred to the cowling entrance 
area. As is shown in the table, the values of the pressure 
drag can change appreciably with the external shape. Тһе 
values of the pressure-drag coefficient change slightly when 
the value of 8, changes (the frontal area of the cowling 
increases for the same mass flow when the value of 6, 
increases) but the drag remains small and is of the same 
order of magnitude as for the other type of inlet if the design 
is correct. The variations of pressure drag corresponding 
to the variation of 8; are much smaller than the corresponding 
variations of the additive-drag coefficient. 

For the inlets with external compression it is necessary 
to add to the pressure drag the additive drag, which is given 
in the following table: 





As is shown, the additive drag is very important; therefore, 
it is necessary to choose the value of 6,, on the basis of the 
maximum flight Mach number, very near to the value of 6,. 

The preceding considerations show that for every Mach 


SAX 
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(a) Mim 1.33. 


(b) M3 52, 1.72, and 2.10. 
F:GUuRE 13.—Design of the installation. 


number there exists a value of 0; equal to the value of 0, 
for which the additive-drag coefficient is zero. It 1s evident, 


therefore, that the value of the additive drag can be decreased . 
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notably at Mach numbers lower than the design Mach num- 00 


ber without changing the value of the pressure recovery if 
an inlet is used that permits some variation of the value of 
6, by moving the position of the central body. 


TEST RESULTS 


Because the theoretical analysis has shown that very | 


high pressure recovery must be expected with the arrange- 
ment’ considered, an experimental investigation was made 


to check the results of the calculations. The tests were ae 


made in an intermittent jet used for tests of compressor 
cascade blades at subsonic Mach numbers, which was trans- 
formed for these tests into a supersonic jet. 
of changes and the scarce air supply that was used simul- 
taneously for other experimental installations caused & very 
long period of testing to be required; therefore, the tests 


The necessity | 


were concluded long after the theoretical analysis was _ 


finished. 


APPARATUS AND METHODS 


In order to investigate experimentally the properties of 
diffusers with external supersonic compression, three models 
were designed for tests in the modified 4-inch cascade tunnel 
at the Langley Laboratory. The cascade tunnel was modified 
in such 8 way as to permit supersonic tests, and two- 


dimensional supersonic nozzles were constructed for obtain- . 


ing parallel flow in the test chamber. The nozzles were 
made of wood; the surfaces therefore had a degree of rough- 
ness and some waves were produced from the small wrinkles 
and porosity on the nozzle surfaces. "These waves were of 
small intensity and therefore were not considered to have 
any effect on the aerodynamic phenomena of the inlets. 
The dimensions of the test chamber were about constant for 
all Mach numbers and were of the order of 4 by 5 inches. 
The air supply was obtained from a high pressure tank which 
permitted the obtaining of relatively dry air and, therefore, 
condensation effects were not important. 

Tests were made at Mach numbers of 1.33, 1.52, 1.72, 


and 2.10, and a different system of tests was used for the - 
For a Mach number of 1.338 2 


different Mach numbers. 
completely open jet was used and the test-chamber pressure 
was made larger than atmospheric pressure to avoid choking 
effects. For tests at the higher Mach numbers, diffusers of 
different shapes were used to avoid large pressure ratios for 


the start of supersonic flow. Figure 13 shows schematic 


sketches of the installation. n 

The, models tested had 2-inch diameters at the cylindrical 
part and the Reynolds number of the tests (referred to the 
outside diameter) was of the order of 3.5X 105 for a Mach 
number of 2.10 and increased to 4.5X 10° for a Mach number 
of 1.33. АН the models were designed in such a way as to 
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maintain the same subsonic diffuser shape in order to avoid 
the introduction of another parameter in the analysis, and 
therefore the models were made with interchangeable cones 
and cowlings for changing the geometry of the supersonic 
part of the inlet. The supersonic part was designed so that 
the same flow conditions were maintained in the subsonic 
diffuser for the same test Mach number whereas the same 
model was used for the subsonic diffuser and the mass-flow 
variation system. (See fig. 14.) Би 

The aerodynamic parameters considered for the model 
designs are shown in figure 15, in which a small shock is 
designed on the outside of the lip. The shock is produced 
hy the lip that was placed at an angle with respect to the 
streamline in the tests, as will be explained later. In a 
large-scale model this shock can probably be eliminated 
because the lip can be constructed with a smaller angle than 
the model; therefore, the corresponding drag can be elimi- 
nated in full-scale models. The shock exists in the models 
tested, however, and can be seen in the schlieren photographs. 
(See fig. 16.) 

The internal part of the diffuser was designed to have a 
gradual increase in section from the lip of the cowling to 
the end of the diffuser. The divergency of the stream tube 
increased at the end of the diffuser and was practically zero 
at the Пр of the cowling. The long throat at the minimum 
section was included to reduce the separation due to the 
strong shock and to decrease the effect of disturbances 
produced in the subsonic part, as is shown in reference 7. 
The average angle of divergency of the stream tube is 8° 
(total). 

For every model and for every Mach number, different 








1.985 D— 
1.575 D 











-25 . 250 -117 «i 
‚50 . 500 . 238 .2 
. 75 . 750 . 350 .8. 
1.00 1.000 . 466 4 
1. 25 1.250 . 550 .8 
1.50 1.50 . 901 .8 
1,65 1.750 - 548 1.0 
1.876 . 589 12. 
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tests were made with different values of buck pressure. The 
back pressure was varied by moving the position of a plug 
at the exit of the diffuser (fig. 14). Several combinations of 
cones and cowlings were tested. The models were designed 
with the following geometrical parameters. The first model 
had a 30? cone angle and 0; was 42? (cone I, cowling I). The 
second model had the same cone angle but 0; was 46? (cone 
II, cowling П). The third model had a 25? cone angle and 
0; was chosen to correspond to the inclination of the shock 
for the 25° cone for the same Mach number (2.60) for which 
the shock is inclined 42? for the 30? cone; the angle 0; was 
86.59 (cone III, cowling III). 

The cowlings for these three combinations must be de- 
signed theoretically to have the direction of the lips parallel 
to the streamlines. Because small-scale models were used, 
it was not possible to keep the angle of the cowling near the 
lip as small as is desired and as must be the case for a full- 
scale model. The angle was therefore placed half outside 
and half inside the theoretical direction of the stream on 
the assumption that the compression outside can be avoided 
in a full-scale model. The external inclinations of cowlings 
I, П, and ПІ were 21°, 19°, and 17.29, respectively, 
and the internal inclinations were 19°, 17°, and 15.29, 
respectively. Cowling III, designed for the 25? cone model, 
was also tested with cone I, and cowling II was tested with 
cone I to determine the sensitivity of the plienomena to 
small variations of geometrical parameters. 

Because no drag measurements were made, the external 
shape of the cowling was designed in accordance with acro- 
dynamic criteria near the lip only, whereas in the back 
part only constructional criteria were considered. 


Plane of survey 








Seeeeaste 
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FiouRE 14.—The models tested. (АП dimensions are in Inches.) 
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RESULTS AND DISCUSSION 


The values of the pressure recovery obtained for the op- 
timum conditions (conditions of strong shock at the lip of 
the Inlet) are shown in figure 17 for the different models 
tested. In figure 18 the efficiency of the inlet is shown. 
This efficiency is defined by equation (1) of reference 1 as 


"а-а G) 7-5 


For comparison the maximum pressure recovery and effi- 
ciency obtained experimentally for а type of inlet with 
internal compression as a function of the free-stream Mach 
number are also shown. 

The variation of the pressure recovery obtained w Bel the 
mass flow entering the inlet decreases 1s shown in figure 19. 
In this figure the pressure recovery is plotted as а funetion of 
the ratio of the mass flow considered to the maximum mass 
flow possible, a ratio which is called the relative mass flow. 

In figure 16 some schlieren photographs for different 
conditions of mass flow into the inlet are shown. The 
sehlieren photographs show that when the mass flow de- 


(1) 
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creases the phenomena change gradually and steadily- 
The tests were made with the shock far from the lip. 


The test results confirm the theoretical predictions and | 
show that with an inlet with a central body higher pressure . 
. recoveries can be obtained than with an inlet with internal 


compression. "The tests also show that for а given cone angle 


and for a given Mach number the pressure recovery changes — — 


very slightly if the value of 0; changes. It is therefore 
possible to obtain very high pressure recovery for the flight 
conditions considered, as found in the tests, and low drag if 


the inlet is designed for the Mach number considered witha _ | 


value of 0; very near to the value of 0, to eliminate the addi- 
tive internal drag. 


by a large increase in drag. 
Schlieren photographs show that when the mass flow is 
reduced the strong shock goes outside of the intake and moves 


- forward in the direction of the conical shock and the conical 


shock becomes curred. This curvature shows that the ex- 
ternal drag increases but the variation is gradual.. For the 


low Mach numbers, when the flow behind the conical shock 
becomes subsonic, the variation of the mass flow changes the 
shape of the conical shock which becomes curved. 
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FiGURE 15,--Есһетайе diagram of the aerodynamic phenomena, 


In this case the advantage of external 
compression in increasing the pressure recovery is not reduced | 
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FiauRE 16.—8ohlleren photographs for the Inlet with internal com pression for different values of relative 
mass flow. 0,9 30^; 82-429. 
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Figure 17, —Expertmental values of pressure recovery for the optimum conditions as a function of free-stream Mageh number for fized-georuetry inlet. 
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FIGURE 18.-Ехрегішепігі values of efficiency for the optimum conditions as а fonction of free-stream Mach number for fixed-geometry inlet. 


1046 REPORT 1104—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 





о 


о 


O 


ИА) 
| 


+ * 


Pressure recovery, p. 
( Ф 


Е 
Е 
а 

| 

"un 
в 
М 
Е 


: = = —ÍL—M - cuc uel анан анын жаннан анан 


94 8 


Relative mass flow 
Fiaure 19.—Vartation of pressure recovery with the relative mass flow. А 


. гг 


PRELIMINARY INVESTIGATION OF A NEW TYPE OF SUPERSONIC INLET 


The efficiency of the inlet with external compression is 
very high and therefore a large increase in the value of the 
thrust coefficient will be obtained using this type of inlet, if 
the inlet is designed so as to reduce the drag to & minimum. 


CONCLUSIONS 


A new type of inlet with all the supersonic part of the 
deceleration outside of the diffuser is analyzed theoretically, 
and it is shown that this arrangement permits higher pressure 
recovers than an inlet with internal compression. It із 
shown also that the external supersonic compression can 
eliminate or reduce all the discontinuities of flow character- 
istics which exist for а type of inlet with internal compression 
when the flight Mach number or the mass flow decreases 
from the values fixed by the design conditions. The maxi- 
mum mass-flow variation as & function of the free-stream 
Mech number is larger than for the inlet with internal com- 
pression and the law of variation is dependent on the angle 
of the central cone. A design criterion is given for reducing 
to а minimum the value of the drag produced by the externa! 
supersonic compression which can be high for some flight 
conditions. 

Experimental results confirm the values of the theoretical 
analysis and show that it is possible to obtain pressure re- 
coveries of the order of 95 percent for Mach numbers from 
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1.33 to 1.52, 92 percent for a Mach number of the order of 


1.72, and 86 percent for & Mach number of the order of 2.10, ` 
values which are much higher than the corresponding values 


that can be obtained with an inlet with internal compression. 


LANGLEY AERONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
LANGLEY FiELp, Va., November 12, 1946. 
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